We present an automatic, fast and parametrizable algorithm to perform the virtual insertion of a cochlear electrode array into a pre-existent mesh of the human cochlea. Our method reorients the electrode according to the parallel transport frame, a local parameterization of the cochlear centerline directions, robust to the centerline curvature changes. It allows to control the initial roll angle and the extension of insertion from full to partial. Such a virtual insertion, chained with finite element simulations on the electrical activity of the electrode and the cochlear nerves, will enable to test in silico the effects of implant design and positioning on a given patient, and optimize these parameters accordingly.
INTRODUCTION
Sensorineural hearing loss is quickly becoming one of the leading causes of worldwide disabilities. More than 278 million people suffer from moderate to severe hearing disorders due to malformation in the inner ear and 27 % of men and 24 % of women above the age of 45 suffer from a hearing loss of 26dB and more [1] . A cochlear implant (CI) is an electronic device which electrode array is surgically placed inside the inner ear, able to directly convert sound into electrical signals. This directly stimulates the auditory nerves and can overcome most of the problems with the transduction in the ear. Despite the success of the technique, the outcomes of CI surgery are very patient-specific and high variability in hearing restoration is observed between patients. One of the possible sources of variation resides in the insertion of the CI electrode array. The result of the stimulation is quite sensitive to the final positioning of the inserted electrodes, especially if residual hearing capabilities are not present [2] . CI electrode insertion has been reported as the most important step in CI The authors acknowledge the European Union 7th Framework Programme (HEAR-EU FP7-HEALTH-F2-2012-304857). surgery, and a high factor conditioning the optimal outcomes [3, 4] .
The aim of this work is to obtain a fast and automatic patient-specific simulation of the electrode insertion that could be used in finite element simulations (FEM), and therefore help to plan the surgery [5] . To this end, a number of anatomical and insertion parameters make virtual insertion challenging: the anatomical variety of cochlear geometries (in particular, changes in local curvature and number of turns), whether the electrode is fully inserted during the surgery, its initial orientation (roll angle), and the differences between electrode arrays made by different manufacturers.
Patient-specific simulation of CI insertion needs to be easily parameterizable and robust to the above-listed parameters, in order to apply it automatically in a wide range of anatomical and insertion configurations. To the best of our knowledge, this is the first study on automatic simulation of electrode insertion for a FEM study. Up to a certain point, similar concerns and challenges have been reported for the automatic insertion of few other biomedical devices. In particular, in aneurysms treatment, virtual stenting [6] intends to deploy a flow diverter around a vessel centerline, to test the influence of different configurations on a subsequent flow simulation, The main contribution of this work resides in the methodology to perform the insertion of a given CI electrode array into any cochlea anatomy. The method is automatic, fast, and easily parameterizable, which are significant advantages for in silico testing a high number of possible configurations to be used in a FEM simulation framework.
METHODS
In the following, we denote M cochlea and M electrode the cochlear and electrode 3D meshes, while C cochlea and C electrode refer to their respective centerlines. Examples of these data are given in Figs.1 and 2.
Curve parameterization

Tangential, normal and binormal frame (T, N, B)
Let's consider a 3D curve parameterized by its length, as
The tangential/normal/binormal frame (also referred to as the Frenet-Serret frame [7, 8] ) is defined at each location s of this curve, as:
each of these vectors being subsequently normalized.
Notably, these computations involve the curvature vector T (s) = x (s), which is not defined on straight portions of 
Parallel transport frame
For these reasons, we prefer to rely on the parallel transport frame [7, 8] , which results from the parallel transport of a given orthonormal basis (T(0), E 1 (0), E 2 (0)) all along the curve. It has the advantage of being robust to the curvature changes that affect the Frenet-Serret frame, and varies smoothly along the curve (right part of Figs.3a, b and c). It is defined as:
where k 1 and k 2 are the components of the curvature vector with respect to the basis (E 1 , E 2 ). In practice, this is computed in the following way:
where r = R · E 1 (s − ds), ds being an infinitesimal element of length, and R is the matrix of the 3D rotation moving T(s−ds) to T(s), whose axis is T(s−ds)×T(s), and angle is cos θ = T(s − ds), T(s) . The computations involving R are based on the Rodrigues' rotation formula. 
Electrode reorientation
This geometrical process mainly consists in a change of coordinates with respect to the local basis defined at each point of C cochlea . The full process is detailed in Algorithm 1. The method effectively allows to choose the initial roll angle by which the electrode is introduced (in a pitch-yawroll framework), as illustrated in Fig.4 (0 • , 45
• and 90 • ). This is simply achieved by properly choosing the initial basis (T(0), E 1 (0), E 2 (0)). In our case, 0
• roll corresponds to:
all of them being subsequently normalized.
RESULTS
Data and pre-processing
Our methodology is illustrated on three cochlear geometries, obtained from temporal bones excised from human cadavers and scanned with a high-resolution Scanco µCT 100 system (Scanco Medical AG, Switzerland). Each image had a nominal isotropic resolution of 24.5 µm. The data was segmented using semi-automatic techniques as detailed in [9] and [10] . The virtual insertion was tested with a typical electrode array with 12 electrodes (based on MED-EL FLEX Soft design).
In this work, the virtual insertion targets placing the electrode array along the centerline of the cochlea C cochlea . Thus, both C cochlea and C electrode need to be determined. This was achieved by parameterizing their corresponding mesh according to a diffusion process, and extracting the centers of mass of each subset of vertices associated to a given diffusion time. Note that this is not the exact location where a real electrode would be in contact with the cochlear anatomy, nor the exact anatomical location of C cochlea , located through the round window into scala tympani along the lateral wall. The simpler centerline used in the current paper was retained for the proof of concept of the virtual insertion, which is still valid for more realistic anatomical locations, targeted in further work.
Both C cochlea and C electrode were then resampled to 100 points, uniformly distributed along their length. This was achieved using kernel ridge regression with an exact matching formulation [11] , and served to prevent from bias in the subsequent computations about length correspondence.
The amount of points along C cochlea that serve for support to the insertion of N % of the electrode array was then determined using length correspondence (proportionality law), and C cochlea was cut accordingly.
Finally, a second resampling was applied to increase the number of points along each centerline (in our implementation, up to 1000 points uniformly distributed along its length), using the same algorithm as for the first regression. This new resampling served to minimize approximation errors when looking for the points of the centerline that are the closest from a given point of the electrode mesh (Sec.2.2 and Step 1 in Algorithm 1).
Algorithm 1: Electrode reorientation.
for p ∈ M electrode do 1. Identify the closest point on the electrode centerline nn E (p) ∈ C electrode 2. Define vector into the electrode centerline coordinates
3. Use the same decomposition into the cochlea centerline coordinates
4. Reconstruct the point of the reoriented electrode 
Examples
The method takes less than 1s on a non-dedicated standard personal computer. Figure 5 illustrates the insertion results achieved for the three different cochleas mentioned in Sec.3.1. Full insertion of the same electrode was tested in each case. Complementarily, Fig. 6 illustrates the partial insertion results achieved for the first cochlea, up to 70% insertion. Note that, as theoretically expected, this methodology introduces little or no distortion in the different subparts of the electrode mesh (different subgroups of color in the electrode points of Figs.2, 5 and 6), as illustrated in the inserted plots in Figs.5 and 6. The method is purely geometric, which contrasts with the potential use of non-linear registration for a similar purpose (e.g. surface and landmark matching as in [8] ), in addition to their computational time and possible inaccuracies. However, local mesh folding could occur in cases where the radius of curvature of C cochlea is smaller than the radius of M cochlea . While this is not the case in the dataset we tested, further work may consider regularization or diffeomorphic constraints to prevent from these artifacts. More physically-related virtual deployment techniques may also be considered, if the gain in accuracy they represent is not overwhelmed by the complexity of their implementation.
CONCLUSIONS
In this work, we presented a fast, parameterizable insertion algorithm that enables the use of realistic cochlear implant geometries in our previous finite element model of cochlear electrical stimulation. This contribution has potential to provide clinicians and implant manufacturers a better understanding of the impact of implant design and insertion, and to optimize them in a patient-specific framework. 
